We perform density functional studies of the support effects on the gold-catalyzed dissociation of H 2 using the model clusters (Au 10 and Au 13 ) on ZnO(101) surface and find that H 2 prefers to adsorb on the bottom layer of Au clusters on the ZnO surface. The interaction energies of H 2 are exponentially correlated with the H-H and H-Au bond parameters. The dissociation of H 2 easily occurs on the bottom layer with the energy barriers no more than 0.44 eV. The support effects on the dissociation barriers are greatly dependent on the H-H bond distance in the transition state (TS), i.e., the early TSs with small barriers have larger support effects than the late TSs with large barriers. We find that the charge transfer from the gold clusters to the oxide support creates the localized charging states of the interface gold with the high feasibility for H 2 activation and dissociation.
I. INTRODUCTION
Gold nanoparticles shows unexpected catalytic performance for a variety of hydrogenation reactions in fine chemical production, 1 such as the selective hydrogenation of 1,3-butadienes, 2 α,β-unsaturated aldehydes, 3 and nitro compounds, 4 etc. The prerequisite dissociation of hydrogen is generally considered as the first step for the hydrogenation process. Efforts have been made to understand the active sites of gold catalysts for the hydrogen activation from both experimental 5, 6 and theoretical studies. 7, 8 Haruta and co-workers demonstrate that the perimeter atoms on the interface of gold particle and TiO 2 supports may be the active sites for H 2 dissociation. 5 However, Corma and co-workers propose that the H 2 dissociation takes place especially on the nearly neutral and low-coordinated gold atoms of gold clusters on anatase TiO 2 (001). 7 Recently, Gong and co-workers perform density functional theory study that the perimeter between gold and rutile TiO 2 (110) may be the active site for the H 2 dissociation. 9 The much different results of theoretical studies seem largely dependent on the model catalyst chosen. The rational and reliable conclusion should be drawn from the systematic studies based on the same models.
Recently, we carried out computational study on a model catalyst combining gold cluster (Au 10 and Au 13 ) and zinc oxide (ZnO) surface for investigating the support effects on the selective hydrogenation of acrolein, 10 which is an ideal model for the comparative study of the active sites of gold catalyst. On the other hand, no detailed knowledge is yet obtained about the underlying support effects for the hydrogen dissocia) Author to whom correspondence should be addressed. Electronic mail:
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ation. In order to further investigate the support effects on the gold-catalyzed hydrogen dissociation, we carry out computational study on the adsorption and dissociation of H 2 using the models of Au 10 and Au 13 clusters supported on ZnO(101) surface. The thermodynamic and kinetic mechanisms are analyzed, and the support effects are investigated based on the structural and electronic properties.
II. COMPUTATIONAL METHODS AND MODELS
As used in our previous study, 10 the catalysts were modeled by two-layer Au 10 and Au 13 clusters supported on ZnO(101) surface with periodic five O-Zn layer slab of (4 × 2) unit cell. A vacuum spacing of 10 Å at least was employed to separate the repeated slabs. The calculations were performed using generalized gradient approximation PW91 functional 11 and projector-augmented wave potentials 12, 13 implemented in Vienna ab initio simulation package program. [14] [15] [16] Gaussian broadening 17 was employed with a smearing width of 0.2 eV. We used an energy cutoff of 400 eV and gamma-only k-point grid for the spin-polarized calculations. Energy calculations using larger k-point of (2 × 2 × 1) gain no significant improvements for the estimated adsorption energy and dissociation barrier of H 2 with absolute difference smaller than 0.01 eV. Relativistic effects of gold atoms were implicitly considered by using the projector augmented wave pseudopotential. 12, 13 The hydrogen, gold cluster, and the topmost ZnO layer of the support were fully optimized with the residual force smaller than 0.05 eV/Å. The transition state (TS) structures were located using the climbing-image nudged elastic band method 18, 19 followed by minimization of the residual forces. The energy and frequency properties are calculated using the convergence criteria of 1.0 × 10 −6 eV.
III. RESULTS AND DISCUSSION

A. Active sites for the H 2 adsorption
To elucidate the active sites of gold catalyst, we first investigated the preferential binding of H 2 to the different sites of the clusters. The stable structures are illustrated in Figure 1 and the geometric parameters are summarized in Table I . The H 2 binds to the clusters with the H-H bond elongated slightly (H-H distance ∼0.76-0.92 Å) and the H and Au atoms forming a triangle (H-Au-H angle smaller than 32
• ). According to adsorption energy of H 2 (E ad = E H2 + E Au/ZnO -E H2-Au/ZnO , in which E H2 , E Au/ZnO , and E H2-Au/ZnO are the optimized energy of H 2 , Au/ZnO, and H 2 -Au/ZnO complex, respectively) in Table I , H 2 is more likely to bind to the bottom layer of Au 10 and Au 13 with higher adsorption energy (E ad = 0.35 and 0.19 eV) than those on the top layer (E ad = 0.17 and 0.04 eV). The underlying reason is that the bottom gold layers are positively charged (∼0.3 |e| per atom) that favors the adsorption of H 2 , while the top layers are essentially neutral (∼ −0.05 |e| per atom) according to the Bader charge analyses. [20] [21] [22] Logically, longer H-H bond, shorter H-Au distance, and larger H-Au-H angle imply higher degree of activation of molecular H 2 . However, we notice that the adsorption energies are not correlated well with the bond parameters ( Fig. 2(a) ). For example, the IS4 for Au 10 has the longest H-H bond (0.92 Å), the shortest Au-H distance (1.68 Å), and the largest H-Au-H angle (31.5
• ), but has the smallest adsorption energy (−0.24 eV). The underlying truth is that the calculated adsorption energy involves both the activation of H 2 and the Au/ZnO substrates. Therefore, we modify the calculation by removing the geometrical deformation of Au/ZnO substrate, i.e., E int = E H2 + E * Au/ZnO -E H2-Au/ZnO , in which E * Au/ZnO is the energy of Au/ZnO taking the same geometries as those in the H 2 -Au/ZnO complexes. Much better correlations between the interaction energy and the bond parameters are obtained by fitting the simple exponential growth and decay ( Fig. 2(b) ). The well-defined interaction energy can be used as an index describing the adsorption quantitatively.
B. H 2 dissociation on Au 10 and Au 13
The dissociation of H 2 is investigated based on the adsorption structures as initial state (IS). The dissociation pathways are demonstrated in Figure 3 and the geometry, energetics, and imaginary frequency of the TS are collected in Table II . The H-H bonds in the TSs are elongated to different extent compared to those in the ISs. In the TS1 on the top layer of Au 10 and Au 13 , H-H bond is extended to 2.08 and 2.28 Å from the initial 0.82 and 0.77 Å, respectively. In the TSs on the bottom layer, the H-H bond distances vary in the range of 1.00-1.88 Å.
It should be mentioned that the effect of entropy leads to the adsorption barrier of gas phase H 2 , which doses not significantly influences the kinetics of the dissociation of H 2 . 23 Thus, we can utilize the barrier of the rate-determining 
FIG. 2. Correlations between (a) the adsorption energy (E ad ) and (b) the interaction energy (E int ) and the H-H distance (d H-H ), Au-H distance (d Au-H ),
H-Au-H bond angles (θ H-Au-H ) in the initial states. The curves are fitted by 1-order exponential growth or decay.
H-H dissociation step to describe the kinetics. According to the resulted energies in Figure 3 and Table II , we can see that (i) the favorable routes for H 2 dissociation are those initiated from the adsorption on the bottom layer, because the energy profiles for the dissociation on bottom layer (green lines) are generally below those on the top layer (red lines); (ii) the energy barriers (E a (s) in Table II) elongation is observed for the FS1 (3.48-1.44 = 2.04 Å) than that of FS1 (2.77-2.08 = 0.69 Å), which indicates the structural similarity of FS1 to the TS1, but much variations of the FS1 structure from that of TS1 . Thus, the endothermic (0.34 eV) and exothermic (−0.51 eV) reaction heat (E r ) of FS1 and FS1 are obtained, respectively. Similar results can be found for the FS1 and FS1 on Au 13 cluster. On the bottom layers, it is slightly endothermic (0.01-0.21 eV) on Au 10 and exothermic (−0.07 to −0.51 eV) on Au 13 , which may also be explained by the comparison of the bond parameters between FSs and TSs. 
C. Support effect on the H 2 dissociation
It also incarnates the support effects on the catalytic H 2 dissociations. By removing the ZnO support, we calculate the barriers for H 2 dissociation on Au 10 and Au 13 with the same geometries as in the Au/ZnO. The much different variations of the barrier heights between unsupported (E a (u)) and supported (E a (s)) gold clusters indicate that the effects of ZnO support are important for the catalytic activation of H 2 ( Fig. 4(a) ). For TSs on the top layer of Au 10 and Au 13 , the barrier differences ( E a (u-s) = E a (u) -E a (s)) are between −0.3 and 0.01 eV. For the TSs on the bottom layer, however, the E a (u-s) varies in the range of −0.95-0.41 eV. For example, the unsupported barrier of TS2 on Au 10 are negative (−0.5 eV), which is due to the stabilization of the TS structures when removing the support. For the TS2 and TS3 on the support-free Au 13 , however, the barrier heights increase by ∼0.4 eV. We find that the E a (u-s) is linearly correlated with the H-H bond length in the TS (Fig. 4(b) ). The shorter the H-H bond length of TS, the larger the support effects on the barrier of H 2 dissociation, i.e., early (late) TSs have positive (negative) E a (u-s). The significant support effect on the barriers of the TSs on the bottom layer can be rationalized below.
According to the charge analyses, the positive charges of the gold clusters (2.2 and 3.0 |e| for Au 10 and Au 13 , respectively) are mainly localized on the bottom layer binding to the oxide (averaged 0.3 |e| per Au atom), which is also demonstrated by the charge difference density (CDD) analysis (Fig. 5) . The positive charge favors the adsorption of H 2 resulting its higher binding strength (E int = 1.10 and 0.94 eV) on the bottom layer than those (E int = 0.35 and 0.05 eV) on (u-s) ) and the H-H bond lengths in the TS structures. E a (u-s) = E a (u) -E a (s), in which E a (u) and E a (s) refer to the H 2 dissociation barrier of unsupported and supported gold clusters.
the top layer as shown above in Table I . On the other hand, the barrier is dependent on the H-H bond distances in the dissociation TS on the bottom layer of gold cluster (Fig. S1 in the supplementary material 24 ), which is consistent with our previous results on small gold clusters that longer H-H bond corresponds to higher H 2 dissociation barrier. 25 For example, the H-H bond (1.88 Å) in the TS2 on Au 10 is much longer than that of TS2 (1.00 Å) on Au 13 . The positive charge leads to the high stabilization of the early TS2 on Au 13 due to the analogy between the IS and TS structures. Thus the energy of TS2 (−0.12 eV) on Au 13 is lower than that of the late TS2 (0.11 eV) on Au 10 with the energy difference being 0.23 eV as shown in Figure 3 .
IV. CONCLUSIONS
We investigate the catalytic adsorption and dissociation of hydrogen over Au 10 and Au 13 clusters supported on ZnO(101) surface. It is demonstrated that the ZnO support extracts electrons from the gold cluster, resulting the positive charges localized on the bottom layer. The interfacial charge transfer facilitates the adsorption and dissociation of hydrogen on the perimeter gold atoms. This finding implies that the active sites for H 2 dissociation may be the perimeter interfaces, rather than the low-coordinated corners and edges.
